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1.0 Abstract 

A retrodirective antenna array (RDA) is capable of autonomously steering its radiation pattern 
toward the source of an interrogating signal, without having prior knowledge of the interrogator 
location. Integrating an RDA into a mobile platform, such as a nanosatellite, presents unique 
challenges due to the platform's restrictions in terms of size, weight, and power limitations. This 
project focused on developing novel RDA architectures that are directly suited for this resource
constrained platform. The three new RDA architectures that were developed during this research 
project are described. They are based on slope detection, null scanning, and a combination of 
power detection and null scanning. 

2.0 Project Overview 

The primary objective for the research conducted by the University of Hawaii (UH) through this 
grant was to support ONR's FORCEnet Vision" ... to have the right information, at the right 
place, at the right time ... " The mobile environment presents many challenges in providing next
generation multimedia (voice, data, imagery) intelligence to warfighters on resource-constrained 
platforms. By developing miniaturized retrodirective arrays (RDAs) for highly mobile air, sur
face, land, and subsurface platforms, UH aims to drastically improve the communication capabil
ities ofthese so-called "disadvantaged users". 

Current antenna systems for high-capacity multimedia communications use a dynamically · 
steered directive beam but require significant increases in size, cost, and complexity over typical 
omnidirectional antennas. In many cases, highly mobile platforms cannot accommodate the add
ed size, cost, and complexity of the required antenna systems. Therefore, warfighters on these 
types of platforms are at a severe disadvantage and providing them with the necessary intelli
gence is of the utmost importance. 

An RDA is a class of antenna that provides autonomous steering of a directive beam without re
quiring complex digital signal processing or knowledge of a user's location. The added directivi
ty of RDAs is achieved with minimal cost and complexity, and can be used to enhance mobile 
wireless communication system performance, efficiency, and security. UH has developed a min
iaturized null-steering RDA that has the potential to provide high-capacity multimedia commu
nications on resource-constrained mobile platforms. This new architecture addresses the 
drawbacks of previously demonstrated RDAs. 

The objectives of the proposed research are: 
• Design and develop a prototype miniaturized null-steering RDA for efficient, secure, full

duplex communications. 
• Integrate an optimized version of the miniaturized null-steering RDA into a CubeSat bus. 

3.0 Introduction 

A retrodirective array (RDA) is capable of autonomously steering its radiation pattern toward the 
source of an interrogating signal [1]. An analog to this type of antenna is a comer reflector, 
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which reflects a signal back in the same direction as the signal source. Several architectures exist 
that attain retrodirectivity. The VanAtta array is the simplest, using transmission lines of differ
ent length connected between pairs of antenna elements to attain retrodirectivity [2]. Heterodyne 
mixing arrays use mixers on each element to conjugate the phase of the incoming wave [3]. Oth
er architectures use phase shifters to direct the beam and either phase detectors or power detec
tors to determine the direction of arrival ofthe signal [4]-[5]. 

Higher directivity and the ability to maintain a constant antenna link gain benefits a myriad of 
mobile applications including low earth orbiting (LEO) satellites, aircraft, and terrestrial vehi
cles. This research focused on the development of a novel antenna technology for reconnais
sance, satellite crosslink, and communications-on-the-move (COTM) applications. The 
technology is applicable to any space-borne, airborne, seaborne, or terrestrial platform that re
quires autonomous operation and efficient use of onboard power and computing resources for 
secure, ad hoc communications. The resource-constrained CubeSat platform was chosen to 
demonstrate new, resource-efficient RDA architectures. 

CubeSats [6] are a class of nanosatellite that have recently experienced rapid growth in the scien
tific, defense, and academic communities [7]-[9]. Compared to larger, more conventional satel
lites, CubeSats exhibit a lower cost and shorter development time. Proposed missions often 
involve clusters of small satellites that form sensor networks, replacing the functionality of a 
much larger satellite [10]. The challenge in designing such a network - especially a dynamically 
reconfigurable one - is in establishing and maintaining a reliable crosslink without prior 
knowledge of their respective locations. Due to their size (1000 em\ weight (1 kg), and power 
(SWaP) limitations, many CubeSats are designed with limited attitude control systems, if at all. 
Without knowledge of their respective positions, CubeSats must establish and maintain reliable 
crosslinks between other nodes within the network. RDAs presented a unique solution to these 
problems [11] , which were explored in this research project. 

4.0 Retrodirective Array Development 

The following sections describe three novel RDA architectures that were developed with support 
from this grant. First is a slope-detecting array, based on power detection. Next is a null-scanning 
array, which was the first array to utilize a null in a power-detecting DOA detection scheme. Fi
nally, a CubeSat-optimized version of the null-scanning array, with several hardware and soft
ware enhancements built in specifically for the resource-constrained platform in mind. 

4.1 Slope-Detecting Array1 

Most RDAs demonstrated to date are based on analog circuitry with no digital signal processing 
[3] , [12] , [13]. The analog nature of these RDAs is appealing because oftheir resulting simplicity 
compared to smart antennas. However, because these kinds of arrays must process the interroga-

1 
This section was published in W. G . Tonaki , R. T . Iwami, A. Zamora, T . F. Chun ,and W. A. Shiroma, "A Retrodirective Array 

Using Slope Detection and Phase Shifting ," International Symposium on Antennas and Propagation, Jej u, Korea, paper 
A03_1002 , Oct. 2010. 
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tor signal in some fashion to create the retrodirected signal, it causes them to suffer from the lim
itation of only being able to retrodirect while being interrogated. 

This section presents a new all-analog RDA architecture that does not suffer from this limitation. 
That is, it is able to respond to an interrogating source that does not have to be constantly trans
mitting. As such, it can respond to pulsed interrogating signals such as those in radar. 

The operating concept is as follows. Assume that the RDA is interrogated from some unknown 
direction. To determine the interrogator' s direction of arrival (DOA), the RDA scans the entire 
visible half-plane while detecting the direction of maximum received power (and thus the DOA). 
Next, analog control circuitry sets up the phasing that results in a retrodirected beam back in the 
interrogating direction. 

4.1.1 Design 

Fig. 1 illustrates the system, which is composed of a phase detector, phase-shifting module, and 
control circuit. The phase detector, consisting of a maximum-power detecting circuit, determines 
the DOA. A control circuit then outputs the necessary phase-shifter control voltages that results 
in a retrodirected beam back in the interrogating direction. 

Beam Scanning 

Determination of the DOA begins by scanning the entire visible half-plane for RF power. This 
technique was previously demonstrated in (5] , but had to operate in power-detection and retrodi
rection modes sequentially, rather than simultaneously. It was also only capable of half-duplex 
communication. 

In contrast, the architecture proposed in this section is capable of simultaneously scanning and 
communicating in full-duplex mode. The DOA determination scheme uses only the two center 
elements of the array in Fig. 1 (a), shown in more detail in Fig. 2. The entire visible half-plane is 
scanned from -90° ~ 8 ~ +90° for RF power at the 8.1-GHz interrogating frequency, where 8 is 
the scan angle from broadside. Scanning is performed by adjusting Vscan, which controls phase 
shifter PS 1, while maintaining Vfu: = 0 V, which fixes phase shifter PS2 to some reference phase. 
The result is <!>, the phase difference between the two center elements in reference to PS2. PS 1 
and PS2 are implemented with Hittite HMC538 phase shifters. 

L . -- -J 
1 Phase 2 

Detector - I . - . 
V 1une 

v, Phase Shifting, 
Module : 

(a) (b) 

Fig. I: Schematic of four-element retrodirective array using a phase detector and phase shifting, showing the three 
major modules: (a) phase-detector and phase-shifting module, and (b) control circuit. 
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Vscan for PS 1 is adjusted via an 8-bit digital counter that iterates through its 256 values and feeds 
an Analog Devices AD7224 DAC. This provides a 0. 7° resolution in 8 for a single counter itera
tion. The DAC outputs a ramp voltage between 0-1.82 V that corresponds to the 0°-360° phase 
shift <!> applied by PS 1. 

2 

3 V rune 

V:ww Maximum Power Detecting Circwt 4 

Phase Detector 

(a) (b) 
Fig. 2: (a) DOA determination scheme where Ports I and 2 correspond to those in Fig. !(a); (b) Schematic of 
maximum-power detecting circuit where Ports 3 and 4 correspond to those in Fig. 2(a) and points (b)-(f) corre
spond to graphs in Fig. 3. 

Phase Detection 

As the beam formed by the two center array elements scans the visible half-plane, received pow
er at each of those two elements combine through a 2:1 Wilkinson power combiner, and then 
feed a power detector, which outputs an analog voltage corresponding to the detected RF. The 
Hittite HMC611 power detector has an inverse relationship between detected power and output 
voltage. That is, it outputs a DC voltage minimum when detecting maximum RF power over a 
sweep, and vice versa. 

This voltage is fed to the maximum-power detecting circuit shown in more detail in Fig. 2(b ), 
which also receives input from the counter. The maximum-power detecting circuit outputs a 
voltage Vtune, proportional to the phase difference between the two antenna elements (and thus, 
the DOA). This voltage is used by the control circuit to retrodirect a beam. 

Fig. 3 assists in visualizing the DOA determination scheme. Fig. 3(a) shows the DAC ramp sig
nal described earlier. Figs. 3(b )-(f) show the voltages at various points in the schematic of Fig. 
2(b ), assuming an interrogator located at 8 = oo. At point (b), the power-detecting voltage signal 
is fed to a negative slope detecting circuit, which outputs an analog voltage value of 5 V when 
the slope is negative and 0 V when it is positive. The negative slope signal is split into two paths, 
with one path being digitally inverted; these correspond to points (c) and (d). The two signals are 
then time-shifted in opposite directions, with one being lagged and the other being led and sent 
to an AND gate that combines the signals at point (e). The output of the AND at point (f) yields a 
signal that displays locations where maximum power (and thus the interrogator's DOA) is de
tected. 

Upon finding the maximum power, a Motorola MC74F161A 8-bit register simultaneously loads 
the corresponding 8-bit counter value that was fed to PS 1 to another DAC that outputs a tuning 
voltage, Vrune· This voltage represents the progressive phase shift <Pp needed for the phase-
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shifting module to retrodirect a signal back in the interrogating direction. When not at a maxi
mum power level, the register holds the last known maximum power digital value as Vtune· Fig. 
1 (b) shows that Vtune is fed to a control circuit, which then outputs four voltages V1- V4 that con
trol the phase shifters that steers a retrodirected signal back to the interrogator. 

~u== 0 0.2 0.4 0.6 0.8 'I 1.2 1.4 16 1.8 2 

eH=:;?:S: : ~::-';:= ~ 
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2 

~ :r : : I : : I : : I : : I 
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1 6 1 8 2 

§;:I : \ : : 1 
0 0.2 0.4 0.6 0.8 1.2 1.4 1.6 1.8 2 

~: r : : 1 : !! : l 
0 0.2 0.4 0.6 0.8 1 1.2 2 

s :r : 
0 0 2 0.4 0.6 0.8 

: : A 
1 

: : 1 
2 1.2 1.4 1.6 1.8 

Fig. 3: Voltages at various points of the maximum-power detecting circuit of Fig. 2(b ), assuming an interrogator 
located at e = 0°. X-axis units are in periods. Y -axis units are in volts. (a) ramp voltage controlling PSI representing 
a 0°-360° phase shift qJ ; (b) power detector voltage; (c)-(e) signals manipulated from (b) ; (f) maximum power detec
tion. 

Phase-Shifting Module 
Fig. 1(a) shows the phase-shifting module, where an LO at 8.19 GHz feeds a 1:4 Wilkinson 
power divider that feeds four parallel HMC538 phase shifters, then four quasi-Yagi antenna ele
ments. The phase-shifting module uses 

2n 
<Pp = ;:d sin e, (1) 

where C!>p is the progressive phase difference between the antenna elements, d is the antenna el
ement spacing, and .A. is the interrogating wavelength. 

The phase detector and phase-shifting module are integrated to eliminate the need for separate 
transmit and receive circuitry. They share a 4-element quasi-Yagi array with a 6.0 -: 8.7 GHz 
bandwidth (37% fractional bandwidth). The transmit and receive frequencies are 8.19 and 8.10 
GHz, respectively. The array is fabricated on Rogers TMM10i (thickness= 1.016 mm, Er = 9.8) 
and features half-wavelength spacing at 7.82 GHz. 

4.1.2 Experimental Results 

Tracking Capability 

Fig. 4(a) shows the monostatic transmit and receive radar cross section (RCS) pattern of the 
RDA. The plots demonstrate the RDA's active tracking capabilities across its visible range. The 
transmit setup involved two horns collocated on a sweeping arm that was swept from -40° :5 () :5 
40°. One hom interrogated the RDA at 8.10 GHz, while the other horn received the transmitted 
response of the RDA at 8.19 GHz. The receive setup used a transmitting horn swept across -40° 
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S () S 40° while power received at the RDA was recorded. The -10 dB dips between -30° and-
20° are due to the introduction of additional peaks in Fig. 3(f) that affected the steering of the 
RDA. 

Full-Duplex Operation 

Full-duplex operation of the RDA was demonstrated by taking bistatic patterns in both receive 
and transmit modes. Transmit RCS patterns involved using a static 8.1 GHz interrogating horn, 
and a second horn, mounted on a rotating arm that is swept from -60° S () S 60°, measuring the 
received power from the RDA transmitting at 8.19 GHz. For the receive RCS patterns, an inter
rogating horn at 8.1 GHz was fixed and the DOA was determined by the RDA. The register was 
forced into a hold state, keeping the RDA pointing in the same direction, while an 8.19 GHz 
transmitting horn was swept from -60° S () S 60°. Power received at the RDA was recorded. Ex
perimental transmit and receive RCS patterns are reported in Fig. 4 for interrogating locations of 
-10°, 0°, and 30°. There is good agreement with the theoretical plots and the experimental plots 
that highlight the RDA's accurate retrodirective abilities. 

0 _-;..~-I ,.. .... - _,- .. z..__:_ I 

' 'v - --· .r . I t ~ - . 
5 -.• I 

" \! 
I 

-25 ~ 

E'pcflmental Transm1t 
-- Ex.penmentat Rece~ 'ole 

'
30.o -30 -20 -10 0 10 20 :io 

AOQ!e(Oegj 

(a) 

-s 

-30 

-10 

-60 -40 -20 0 ~ 40 60 
Angle(degJ 

\ 
'I 
' ' I 

;I 
I 

_25 fheoret•cnl ~ 

1 1 -- E:cpenmenlal f ransrn.t ; 1 \ 

L _ _ ~x~~n~~e<:!_IVe J 

-30 ·- - - . ··-- ---
$ 4 ~ 0 ~ c 

AOQtejdegJ 

(b) 
O:· ·-- ·-·- . - - --- - -- ,_,."!'- -=-""\..-

/'' \ 

_I 
00 

/ \ 
.,A I 1

\_, : \ (' 
I ._. I 

\I 
,, \. : I 

, \I 
' I 

-25 ~ r·- Th~"bc. -1 
I - EICpenrnental TfiWlsm•t 

! l. -- E~~~_!"IOIR~~ve_j 
-30 -------·-----------~--~--- -~- --

$ 4 ~ 0 ~ ~ 00 
Ar.gle(oegJ 

(c) (d) 
Fig. 4: (a) Monostatic radar cross section for transmit and receive modes; Bistatic radar cross sections with 
interrogator at: (b) -10°, (c) 0°, and (d) +30°. Proper transmit and receive frequency operation demonstrates 
full-duplex capability. 
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4.2 N nil-Scanning Array2 

Several types of RDAs have been demonstrated recently, each with distinguishing characteris
tics, e.g. [12], [13]. In general, most of these architectures require increasing the array size to in
crease the DOA resolution accuracy. The array described in this section increases the DOA 
resolution without increasing the array size by employing null scanning. 

Our null-scanning RDA is an evolution of the beam-scanning RDA [5], in which a beam is 
scanned across a steering range, and the DOA is determined from the angle for which maximum 
power is detected. A drawback to this design is that constant target tracking cannot be achieved 
because the array must switch between power-detection and communication modes. Also, the 
half-duplex communication system inherently does not accommodate simultaneous transmission 
and receive capabilities. 

This section presents a full-duplex RDA that uses a null rather than a beam to determine DOA. 
As a null is scanned throughout the angular range, the received power is recorded in the same 
manner as in [5]. In contrast to beam scanning, the DOA of the interrogator is determined by the 
angle for which the power received by the null-steering array is a minimum. This information 
can then be used by a microcontroller to steer the beam of the full-duplex phase-shifting array in 
the direction of the interrogator. Near the interrogator's angular direction, the rate of change of 
received power is much greater in null-steering mode when compared to an identically sized ar
ray using beam steering. 

Null-Steering Array 
( ........ ~---·····a············: 

1 I 1 
0 0 
0 0 

: fr.y : 
: d mJI : 

I ~ i 
~v~ # v_

1 · .................................................... .: 

Vw. Vref 

Voct 

Phase-Shifting Array 
:··········· .. ···································: 

I ~~.... , 
! ~ I 
i v, 1 
. . 
0 0 
0 • 
0 0 
0 0 
0 0 ....................................................................... . ............. 

Fig. 5: Schematic ofthe null-steering, phase-shifting array. 

4.2.1 Design 

The self-steering array architecture is comprised of two sub-arrays: a two-element null-steering 
array, and a full-duplex phase-shifting array, as shown in Fig. 5. The null-steering array uses a 
power-detection scheme to determine the DOA of an interrogator signal. This information is 

2 This section was published in R. T. Iwami, A. Zamora, T. F. Chun, M. K. Watanabe, and W. A. Shiroma, "A retrodirective 
null-scanning array," Microwave Symposium Digest (MIT), 20IO IEEE MTT-S International, pp.81-84, 23-28 May 2010. 
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used to properly phase each element in an adjacent phase-shifting array to steer a beam in the 
direction of the interrogator. The two sub-arrays are interfaced and controlled by an RF power
detecting circuit and an analog operational amplifier control circuit. 

Null-Steering Array 

Fig. 5 shows the schematic of the two-element null-steering array. The array is comprised of two 
-l./2-spaced patch antenna elements, fabricated on Rogers R04350B (thickness = 1.524 mm, er = 

3.66) for 7.31-GHz operation. A Hittite HMC538 phase shifter controls the phasing of each ele
ment, with one static and one varying, causing a null to scan across the -90° :S e :S 90° sweep 
range. A 2:1 Wilkinson power combiner combines the received signals at the two elements as the 
input to the RF power-detecting circuit. 

The null of a two-element array pattern can be steered by varying the phase difference, f/Jpnu/1, be
tween antenna elements. Based on an array spacing of d = ))2, (/Jpnu/1 as a function of steering an
glee is given by: 

2Jid . 8 . 8 cp pnu/1 = ;:- sm - Ji = Ji sm - Ji. (
2
) 

The additional - Jr term in (2) corresponds to the 180° phase difference between elements which 
produces a null. The null-steering array establishes the required phase difference by fixing one 
phase shifter (PS 1) in an initial state, while varying the phase of the other (PS2) according to (2) 
for a desired angle e. A linear fit approximates PS2's characteristic curve, which is used by the 

· null-steering control circuit to scan the null. The linear fit is also used by the RF power-detecting 
circuit to calculate the direction of the interrogator. 

RF Power-Detecting Circuit 

Fig. 6 shows a schematic of the RF power-detecting circuit. This module utilizes a Hittite 
HMC602 RF power detector to convert a received power measurement into a proportional ana
log DC voltage. A PIC microcontroller with built-in ADC inputs reads in the analog voltage and 
stores each value as an 8-bit digital representation in a 256-byte array. The 256 values allows for 
0.7° steering resolution, assuming a -90° :S e :S 90° steering range. The PIC keeps track of the 
angle where minimum power is detected, which corresponds to the direction of the interrogator 
when using a null-steering approach. The PIC then outputs a voltage corresponding to the phase 
difference between elements required to point a beam in the direction of the interrogator with the 
phase-shifting array. 

r ----------- - ---- -- --. 
1 HMC602 PIC18F4550 TLC5620 I 

I I 
I I 
I I 
I _I _ To 
1 I Control Circuit 
I I 
I I 
I I ______ ___ _ _ ______ _ __ _ J 

Fig. 6: Block diagram of the RF power-detecting circuit. 
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Full-Duplex Phase-Shifting Array 

Fig. 5 shows the schematic of the full-duplex phase-shifting array. Full-duplex operation enables 
simultaneous transmit and receive channels, which is implemented by utilizing separate transmit 
and receive frequencies. A four-element patch array was fabricated using ..1.12-spaced antenna el
ements fabricated on Rogers R04350B. This design assumes that the interrogator signal received 
by the null-steering array is also the received signal of interest. Therefore, the array shares the 
same receive frequency of 7.31 GHz, with a transmit frequency of 7.33 GHz. Four Hittite 
HMC538 phase shifters connect to the four antenna elements, which then pass the received RF 
through a 4:1 Wilkinson power combiner. The output is fed to an LO (transmit) or spectrum ana
lyzer (receive) for testing purposes, which would be replaced by a matched transceiver in a full 
prototype design. 

The phase-shifting array uses a similar phase-progression-to-steering-angle relationship as the 
null-steering array, but without the additional-77: term. This allows beamsteering at a given angle 
e, again assuming A./2-spaced elements: 

2nd · 8 · 8 q; P = - sm = n sm . 
A (3) 

The control voltage versus phase shift characteristic curve is comprised of the average of all four 
phase shifters, and a linear approximation is used to define the function. The linear fit is used by 
the control circuit to properly phase each element based on the input from the RF power
detecting circuit. The required phase shift, (/Js, is approximated by: 

(4) 
where S [ degN] is the calculated sensitivity of the phase shifter, given by the slope of the linear 
fit line. 

The phase shifter sensitivity value of S = 221.4 degN yields a voltage range from 0 V - 2.44 V, 
corresponding to a phase shift of 0°- 540° degrees, respectively. This range is required to pro
vide a maximum phase difference between elements of ± 180°. Using this maximum phase dif
ference and rearranging (3) to solve for 8max, the maximum beam-steering angles are: 

e . I ( ± 1! ) 90o max = Sin -;;- = ± 

' 
(5) 

which covers the entire visible half-plane. 

Control Circuit 

The control circuit takes the output from the RF power-detecting circuit, which is a voltage cor
responding to a desired phase shift ranging from ±180°, and outputs four voltages, V1-V4, which 
feed the phase shifters of the phase-shifting array. If (/)ref is taken to be the reference phase at the 
center of the four-element array, there will be a -3cpp/2, -cpp/2, +cpp/2, +3cpp/2 phase progression 
between elements 1-4. 
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A first-stage op-amp network provides a voltage shift operation, yielding a voltage Vp ranging 
from -0.85 V to +0.85 V. Another op-amp network takes this voltage along with the calculated 
value of Vref= 1.22 V, derived from (4) and given by: 

V _ CfJref _ 270° 
ref- S - 221.4/v 

(6) 
to produce the required phase shifter voltages, V1- V4, corresponding to the (/Jp phase progression 
mentioned above. 

4.2.2 Experimental Results 

Null-Steering Versus Beam-Steering Comparison 

The first experiment tests the assertion that a null-steering array based on minimum power 
searching provides greater DOA resolution than a similarly sized beam-steering array based on 
maximum power searching. Using the two-element patch-antenna array that was designed for the 
null-steering sub-array, a beam was swept over the visible range from -90° :S 8 :S 90°, while re
ceived power was recorded. Based on the relative phase shift applied by the phase shifter PS2, 
the corresponding null angles were calculated by rearranging (2): 

() _ . -l(t/Jpnu/1 +lil null - sm 
J'[ 

(7) 

Figs. 7 and 8 show power received versus steering angle for an interrogator at 8 = oo and () = 

+50°, respectively. The vertical dashed line in each plot denotes the location of the interrogator. 
For the null-steering configuration, the interrogator location is interpreted as the angle for which 
minimum power is detected. In the beam-steering configuration, the location is taken as the angle 
where maximum power is detected. 
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Fig. 7: Power received versus steering angle for an interrogator at 8 = 0°. A null-steering array produces a 1.3° error, 
while a beam-steering array produces a 4°-!2° error range. 
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Fig. 8: Power received versus steering angle for an interrogator at () = +50°. A null-steering array produces a 2.4° 
error, while a beam-steering array produces a 10°- 14° error range. 

This experiment confirms the superior resolving power of the null-steering array due to the 
greater rate of change in received power near the interrogator's angular direction compared to the 
beam-steering array. The plots show that the null-steering array exhibits less steering-angle error 
than the beam-steering array. The narrow null "beam width" also yields a single-angle value from 
the power-detecting circuit, as opposed to the beam-steering setup which produces a range of 
qualifying yet incorrect angles due to its broad beamwidth. This precision assists the system in 
stabilizing and pointing at a particular angle, rather than randomly shifting between values. 

Tracking Capability 

Fig. 9 shows the monostatic radar cross section (RCS) pattern of the RDA. The setup included 
two horns stationed on a sweeping arm swept from -60° ~ {) ~ 60°. One horn interrogated the 
RDA at 7.31 GHz, while the other collocated horn received the RDA's transmitted response at 
7.33 GHz. The plot shows that the RDA tracks the interrogator as it sweeps across the visible 
range. 
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Fig. 9: Monostatic radar cross section. 

Full-Duplex Operation 

To show the full-duplex operation of the RDA, bistatic RCS patterns were taken in both receive 
and transmit modes. For the transmit RCS patterns, a static 7 .31-GHz interrogating horn is fixed, 
while a second horn, mounted on a rotating arm, is swept from -60° ~ 8 ~ 60° measuring re-
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ceived power from the RDA transmitting at 7.33 GHz. For the receive RCS patterns, a 7.31-GHz 
interrogating hom is fixed, and the corresponding Vp voltage is recorded. Subsequently the phase 
shifter control circuit was disconnected from the power-detecting block and the phase shifter 
control circuit was directly fed the recorded voltage, Vp. A 7.33-GHz transmitting hom was then 
swept from -60° :::; e :::; 60° while the RDA measured received power levels. Resulting transmit 
and receive RCS patterns are reported for interrogator locations of -30°,0°, and +10° (Fig. 10). 
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Fig. 10: Bistatic radar cross sections with interrogator at: (a) -30°, (b) 0°, and (c) +10°. Proper transmit and receive 
frequency operation shows full-duplex capability. 
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4.3 Small-Satellite-Optimized Array3 

This section presents the development of a new RDA architecture designed specifically for the 
resource-constrained CubeSat platform. Although retrodirective arrays have been in development 
for the past 50 years [2] , [3], integrating an RDA into a CubeSat represents a challenge due to the 
strict SWaP requirements. The first RDA developed for a CubeSat platform [14], [15] achieved 
retrodirectivity using the heterodyne technique [10], where mixers are used to phase conjugate 
the received signal. The biggest drawback to this type of RDA architecture is that the signal 
strength at the output of the array is dependent on the incoming signal strength, and thus the dis
tance from the interrogator. The path loss is proportional to R4

, where R is the distance between 
communicating nodes [16]. 

r·· -- -----------------·-------------------------------------'; 

' ' ·---- ------------ -- -- ------·······-----... ·--·-- ---- ····· ··-- ··· 
Full-Duplex Communication Array 

Fig. 11 : Schematic ofthe CubeSat RDA. 
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The null-scanning RDA of [17] was developed to address the R4 path loss issue by utilizing a 
power-detection approach, thereby decoupling the received and transmitted signals, and achiev
ing an R2 path loss. It was shown that by utilizing a null for minimum power detection, a two
element microstrip patch array was much more capable in resolving an interrogator signal' s di
rection-of-arrival (DOA) when compared to an identically equipped beam-steering RDA. The 
CubeSat RDA described in this section utilizes this null-scanning approach for its benefits in 
retrodirected path loss and array minimization, and improves on the architecture with several 
SWaP-motivated hardware and software optimizations. 

4.3.1 Design 

Fig. 11 shows the schematic of the CubeSat RDA, which consists of three principal modules: a 
single four-element array for both DOA estimation and transceiver communications, a power
detection module to determine the DOA of the interrogating signal, and a tracking-and-steering 
control module that outputs the necessary control voltages to steer the beam of the four-element 
array in the direction of the interrogator. The DOA detection module and tracking-and-steering 

3 
This section was submitted for review to IEEE Antennas and Wireless Propagation Letters in R. T. lwarni, W. G. Tonaki, T. F. 

Chun, and W. A. Shiroma, "A Power-Detecting, Null-Scanning, Retrodirective Array for a 1.5U CubeSat Platform," Dec. 20 11. 
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control module are interfaced to provide autonomous, self-steering capability to the four-element 
array. 

Detection and Communication Array 

The antenna array is comprised of four IJ2-spaced microstrip patch antenna elements, fabricated 
on Rogers RT/Duroid 6002 substrate (thickness= 0.762 mm, f:r = 2.94). This substrate was cho
sen for its low dielectric loss. The frequencies of operation chosen were 9.59 GHz for transmit 
and 9.67 GHz for receive in full-duplex communication. 

In contrast to the architecture in [17] , which uses one array for DOA detection and another array 
for transmit communications, the architecture in Fig. 11 combines both functions into one array. 
This is achieved by siphoning off one-tenth of the received interrogator signal power from the 
two central antenna elements using 1 0-dB couplers. Combining the detection and communication 
arrays not only reduces the physical size of the array, but also improves the steering accuracy as 
both arrays are collocated at their centers, rather than being laterally offset from each other [17]. 

DOA Detection Module 

The DOA detection module determines the direction of arrival of an interrogating signal. The 
array utilizes the null-scanning approach for power detection, first presented in [17]. This infor
mation is then used by the control module to retrodirect a signal back to the interrogator. DOA 
detection is accomplished using two phase shifters that steer a receive null formed by the two 
central elements of the antenna array. Received RF signal power is recorded at each angle 
steered. The DOA of the interrogator signal is then computed by finding the angle for which 
minimum power is received. 

The DOA detection module consists of two Hittite HMC543LC4B digital phase shifters, a 2:1 
Wilkinson power combiner, and a Hittite HMC611LP4logarithmic RF power detector. 

The 4-bit, 16-state Hittite HMC543LC4B digital phase shifter provides full 360° phase coverage. 
The four bits offer 22.5° phase resolution, which translates to roughly 7° of steering resolution 
that decreases as one steers farther from broadside. 

Compared to the analog phase shifters used in previous designs [5] , [17], [18] the discrete nature 
of digital phase shifters resulted in tolerance to small variations in control voltage, which are in
herent in any control circuit. The analog phase shifters used previously were extremely sensitive 
at 221.4 degN [ 17], where commonly occurring variations in control voltages on the order of 
tenths and hundredths of volts would cause steering angle errors and instability. Thus, the use of 
digital phase shifters allows for increased phase stability and steering angle accuracy and preci
siOn. 
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Tracking-and-Steering Control Module 

PSoC5 

The processing unit of the RDA uses Programmable System-on-Chip (PSoC) technology. The 
PSoC 5 is a software-configured device with a built-in microcontroller unit (MCU) and mixed
signal array [19]. The PSoC 5 functions primarily as a microcontroller: executing the tracking
and-steering control algorithm, referencing a lookup table for phase shifter control, and output
ting the necessary digital control signals to steer the detection and communication array. Table I 
shows an abbreviated lookup table displaying the necessary logic values for each bit of all phase 
shifters in the RDA. A PSoC analog signal block is configured as an analog-to-digital converter 
(ADC), to digitize the analog signal received from tpe DOA detection module. 

TABLE I 
ABBREVIATED CONTROL MODULE LOOKUP TABLE 

PS2 PS3 PS4 e 
B4 B3 82 81 84 83 82 81 84 83 82 81 

30.00 1 1 0 0 I 0 0 0 0 I 0 0 
22.02 l l 0 1 l 0 I 0 0 1 1 1 
14.48 1 1 1 0 1 I 0 0 I 0 I 0 
7.18 1 1 1 I 1 I 1 0 I 1 0 1 
0.00 0 0 0 0 0 0 0 0 0 0 0 0 
-7.1R 0 0 0 I 0 0 I 0 0 0 I I 
- 14.48 0 0 l 0 0 1 0 0 0 1 1 0 
-22.02 0 0 I I 0 l I 0 I 0 0 I 
-30.00 0 1 0 0 I 0 0 0 I I 0 0 

Detection Stabilizer Algorithm 

To stabilize the power detection readings, an averaging process was implemented. A "super
sweep" was comprised of 256 total power readings stored in a 256-entry array. For each steering 
angle, five individual power readings were taken. To allow for the RF power detector to settle 
after a state change, the first of the five power readings was discarded. This resulted in 64 data 
entries over the 16 steering angles, which made up one sub-sweep. Four of these sub-sweeps 
were performed to collect the 256 data entries of a single super-sweep. The 16 entries for each 
steering angle were then averaged to create a 16-element array of averaged power levels repre
senting the 16 different steering angles. The null-steering DOA detection algorithm was then run 
on this 16-element averaged array, where the angle for which minimum power detected was se
lected as the direction of the interrogator. The detection algorithm takes 250 milliseconds to de
termine the DOA of the interrogator and retrodirect a response 

Retrodirected Response 

With the DOA of the interrogator signal determined, the control module then steers a communi
cation beam with the four-element array towards that angular direction. Using the lookup table 
stored in the PSoC, the control module outputs the necessary bit values that correspond to a par-
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ticular angular direction. The communication array is controlled by bit values in columns PS2, 
PS3 , and PS4 of Table I. 

4.3.2 Experimental Results 

Full-Duplex Operation 

To show the full-duplex operation of the RDA, bistatic RCS patterns were taken in both receive 
and transmit modes. For the bistatic RCS patterns, a static 9.67-GHz interrogating hom was 
fixed at a particular angle, while a second hom, mounted on a rotating arm, was swept from -60° 
:::; e:::; 60° measuring the RDA response. Resulting transmit and receive RCS patterns are report
ed for three separate angles between -40°:::; 0:::; 50°, shown in Fig. 12 (a)-( c). 

The patterns show good agreement with theoretical plots over a wide range of angles, as both 
transmit and receive main beams and sidelobes are formed in their appropriate angular directions 
and magnitudes. The use of digital states with binary control voltages provides this stability. The 
detection stabilizer algorithm also improved performance of the tracking-and-steering control 
module. Readings of the output voltage from the RF power detector improved from variances of 
tenths of a volt down to the order of millivolts, enabling greater precision in interrogator detec
tion. 

Interrogator Tracking Capability 

The setup for the monostatic RCS pattern consisted of two co-located horns swept from -60° :S e 
:::; 60°. One hom interrogated the RDA at 9.67 GHz, while the other received the RDA' s trans
mitted response at 9.59 GHz. Fig. 13 shows the monostatic RCS pattern of the RDA. The theo
retical plot shows the radiation pattern of a single microstrip patch element, which is the ideal 
case of a monostatic RCS pattern of an RDA. The experimental plot shows that the RDA tracks 
the interrogator as it sweeps across the visible range, with good agreement with the theoretical 
plot. 
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Fig. 12: Bistatic RCS measurements with interrogator at: (a) -40°, (b) -25°, and (c) +50°. Proper transmit and re
ceive frequency operation shows full-duplex capability. 
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Fig. 13: Monostatic RCS measurement showing proper interrogator tracking by the RDA. 

4.3.3 CubeSat Prototype 

The results shown in the previous section were collected with a breadboard implementation of 
the RDA and control circuitry. As part of the ongoing progress of this project, a prototype model 
of the RDA was developed for future integration with other CubeSat electrical and mechanical 
subsystems, consisting of solar arrays, batteries, thermal control unit, command and control, and 
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telemetry. The four-element, 1-D RDA was designed to fit within a 1.5U CubeSat structure, 
which measures 10 em x 10 em x 15 em, with a mass of no more than 1.5 kg. The design con
sisted of two four-layer printed circuit boards (PCBs): one dedicated to full-duplex communica
tion, the other for power detection. Fig. 14 shows the assembled CubeSat prototype with 
dimensions of 4 em x 10 em x 14 em. The RDA hardware has a mass of 186 g. 

Fig. 14: Prototype of the null-scanning, CubeSat RDA. Assembled control circuitry dimensions: 4 em x 10 em x 14 
em . Antenna array dimensions: 10.5 em x 4.75 em. 

The two boards were interfaced by the CubeSat Stackable Interface (CSI) for digital and power 
signals, and SMA-connectorized tensolite cables for RF signals. The CSI serves as the basis of 
the satellite ' s CDH architecture [20]. CSI minimizes the need for a complex wiring scheme to 
distribute voltages across a PCB stack by providing standardized voltages across a common bus. 
CSI uses the PCI-1 04 standard that not only provides a robust connection, but also fits within a 
1 U CubeSat form factor. A key feature of CSI is the option to place addressable 1/0 expanders 
on each board in the stack to be accessed by an I2C bus, which allows for remote access for a 
multitude of 110 in the system. The further addition of on/off switches controlled by this 110 ex
pander allows for a remote power management system that is controlled by two lines across CSI 
as shown in Fig. 15. 
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CSI System Bus Powor Bus: +3.3V, +51/, and mt bat1ary 

Fig. 15: Block diagram ofCSI architecture. 

Table II shows that the DC power consumption of the various components of the CubeSat RDA 
prototype is 1 W, which is well within the power-generation capabilities of CubeSats equipped 
with either body-mounted or deployable solar panels, together with batteries for operation in 
eclipse [21], [22]. This figure shows much promise for future RDA-CubeSat missions. 

TABLE II 
CUBESAT RDA MODEL DC POWER CONSUMPTION 

Description Quantity Power [Wl 

HMC543LC48 Phase Shifter 6 0.000 

HMC564LC4 LNA 2 0.306 

HMC611 LP4 Power Detector I 0.53 

7404 Hex Inverter 12 0 .144 

~S..9C 5 I 0.03 

Total 1.01 

5.0 Conclusion 

Integrating a retrodirective array and a small-satellite, like a CubeSat, presents unique challenges 
due to the platform's restrictions in terms of size, weight, and power limitations. This project fo
cused on developing novel RDA architectures that are directly suited for this resource
constrained platform. Three novel RDA architectures were developed and tested, with design and 
measurement results presented. The slope-detecting array was based on power detection, and 
could respond to an interrogating source that did not have to be constantly transmitting. The null-
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scanning array was the ftrst array to utilize a null in a DOA detection scheme. Finally, a Cu
beSat-optimized version of the null-scanning array was presented. This array had several hard
ware and software enhancements built in specifically for the resource-constrained platform. A 
prototype design for a 1.5U CubeSat RDA that interfaced with the UH CSI bus was also present
ed. 
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